ABSTRACT
C urrent radiographic criteria for monitoring patients with high-grade glioma are heavily dependent on changes in contrast enhancement and FLAIR signal on standard MR images. 1 However, with greater use of antiangiogenic treatments such as bevacizumab, an anti vascular endothelial growth factor antibody, using contrast enhancement as a surrogate for tumor response has become increasingly challenging. 2 Patients with recurrent highgrade glioma treated with bevacizumab often exhibit a sharp decrease in contrast enhancement and edema without a corresponding clinical response-a phenomenon called "pseudoresponse"-due to the ability of antiangiogenic agents to normalize hyperpermeable tumor vasculature, thus restoring the blood-brain barrier. 3, 4 DWI and ADC have been proposed as imaging markers for tumor response in the presence of antiangiogenic agents to ad-dress this issue of pseudoresponse. [5] [6] [7] [8] Regions of increased cellularity, such as tumor, restrict water diffusion and decrease ADC values relative to surrounding tissue. 9, 10 However, concomitant edema and tumor-related necrosis increase ADC values, thereby directly opposing the reduction in ADC associated with tumor. 11, 12 This offset may result in diminished conspicuity of tumor on ADC maps and difficulty distinguishing tumor from NAWM. In the setting of antiangiogenic treatments, which can significantly decrease edema, the interpretation of ADC values is further complicated. 13, 14 To maximize sensitivity to the restricted diffusion signal within tumor cells while excluding the hindered diffusion signal associated with edema, we apply a new, advanced DWI technique called "restriction spectrum imaging." 15 Whereas ADC reflects both hindered and restricted diffusion pools within a voxel, RSI uses multiple b-values and diffusion times to separate out the spherically restricted water compartment from the hindered water compartment, and it has been previously shown to improve tumor conspicuity relative to high-b-value ADC in patients with primary and metastatic brain tumors. 16 Therefore, RSI may provide a more sensitive and robust biomarker of cellularity compared with conventional DWI and ADC in the context of antiangiogenic treatments that result in significant decreases in edema.
In this study, we evaluated the ability of RSI to improve conspicuity within regions of RD compared with standard ADC in patients with recurrent high-grade glioma treated with bevacizumab. In line with our previous work, we hypothesized that RSI would improve conspicuity within regions of RD over standard ADC, whereas ADC values within regions of RD would approximate those in NAWM. Moreover, we predicted that RSI would be minimally affected by bevacizumab-induced reductions in FLAIR-HI, whereas changes in ADC would be highly influenced by treatment-related reductions in FLAIR-HI due to the sensitivity of ADC to fast hindered diffusion.
MATERIALS AND METHODS

Patients
All patients included in the study signed consent forms approved by the institutional review board. From December 2010 to August 2012, one hundred ninety-three patients with primary and metastatic brain tumors at the UCSD Moores Cancer Center underwent a standardized MR imaging protocol that included the RSI sequence. From this group, 12 patients met the following inclusion criteria to form the final study cohort: 1) recurrent pathologically confirmed high-grade glioma (World Health Organization grade III or IV); 2) at least 1 baseline RSI scan before initiating bevacizumab therapy and a follow-up RSI scan while on bevacizumab; and 3) no significant blood products on susceptibility-weighted images that would confound diffusion signals on the ADC or RSI scans. The average age of the final cohort was 54 years, ranging from 27 to 67 years, with 7 men and 5 women. Nine patients had GBMs, while 3 had grade III gliomas (Table). To further avoid contamination from immediate postsurgical effects such as hemorrhage and cytotoxic edema, we did not perform MRI within the first 2 months following surgery.
MR Imaging
MR imaging was performed on a 3T Signa Excite HDx scanner (GE Healthcare, Milwaukee, Wisconsin) equipped with an 8-channel head coil. Our imaging protocol included pre-and postgadolinium 3D volumetric T1-weighted inversion recovery spoiled gradient-recalled sequences (TE/TR ϭ 2.8/6.5 ms, TI ϭ 450 ms, flip angle ϭ 8°, FOV ϭ 24 cm, matrix ϭ 0.93 ϫ 0.93 ϫ 1.2 mm) and a 3D T2-weighted FLAIR sequence (TE/TR ϭ 126/6000 ms, TI ϭ 1863 ms, FOV ϭ 24 cm, matrix ϭ 0.93 ϫ.093 ϫ 1.2 mm). For RSI, a singleshot pulsed gradient spin-echo EPI sequence was used (TE/TR ϭ 96 ms/17 seconds, FOV ϭ 24 cm, matrix ϭ 96 ϫ 96 ϫ 48) with 4 b-values (bϭ0, 500, 1500, and 4000 s/mm 2 ) with 6, 6, and 15 unique diffusion directions for each nonzero b-value, respectively (28 total volumes, ϳ8-minute scanning time). Interval in days between the scan prior to bevacizumab treatment (pre-bevacizumab scan), and initiation of bevacizumab therapy, followed by the interval in days between initiation of bevacizumab therapy and first scan during bevacizumab treatment (post-bevacizumab scan). c Pathology after bevacizumab therapy had started.
Preprocessing, ADC Calculation, and RSI Analysis
Before analysis, raw RSI data were corrected for geometric distortions due to susceptibility, gradient nonlinearities, and eddy currents. 17 This was followed by correction of patient motion by using in-house software. ADC values were calculated from a tensor fit to the full dataset (all b-values and diffusion directions). Details of the RSI model and analysis are given in White et al. 16 Briefly, the diffusion signal in each voxel was fit by using a linear mixture model of restricted and hindered water compartments with spheric and cylindric geometries. For this article, the resulting spherically restricted water fraction formed the basis of our RSI cellularity maps. To maximize sensitivity and specificity to the spherically restricted water fraction, a beam-forming filter was applied to our RSI-CMs to reduce residual signal contamination from cylindrically restricted and hindered water compartments.
16
Longitudinal Registration
For longitudinal measurement of RSI-CMs and ADC in defined regions of FLAIR-HI and NAWM, it was necessary to account for the changes in brain shape caused by tumor growth or surgical resection. A nonlinear registration, as described in McDonald et al, 18 was used to define a parameterized deformation between the first and second time points (before and after initiation of bevacizumab therapy). The T1-weighted precontrast images, weighted by T2-weighted FLAIR to correct for regions of hypointensity, were used to guide the nonlinear registration, and the computed deformations were then applied to the coregistered RSI-CM and ADC volumes.
Region-of-Interest and Imaging Analysis
Volumetric ROIs were drawn manually on baseline (pre-bevacizumab) scans for the contrast-enhancing region, the FLAIR-HI region surrounding the contrast-enhancing region, and NAWM by using coregistered 3D T1 postcontrast and 3D FLAIR volumes with the Amira software package (Visage Imaging, San Diego, California). NAWM was drawn in isointense white matter contralateral to the tumor on the 3D FLAIR sequence. All manual ROIs were approved by a board-certified neuroradiologist with 3 years of experience before image analysis. An automated region of interest was also generated for the region of RD within the region of contrast enhancement, and this region of interest was used to approximate the actual area of viable tumor within the contrastenhancing region. 19 Of note, this RD region of interest was generated from the RSI sequence because our prior work has shown improved tumor conspicuity on RSI-CMs compared with ADC. 16 In addition, our prior work has demonstrated that ADC tends to underestimate the area of RD, whereas RSI-CMs are more inclusive of the total area of RD. Determination of relevant ADC and RSI-CM values was performed in a manner similar to methods described by Gerstner et al. 20 Each patient's baseline (pre-bevacizumab) and follow-up 
RESULTS
In all 12 patients who met the inclusion criteria, a visible decrease in both contrast enhancement and FLAIR-HI was observed following initiation of bevacizumab therapy. Eight patients showed a decrease of Ն50% in T1 contrast enhancement, whereas the remaining 4 patients showed a decrease of 25%-50%. Similarly, 2 of the patients showed a corresponding decrease of Ն50% in FLAIR-HI surrounding the enhancing region, whereas all 12 patients showed a decrease of at least 25% in FLAIR-HI following treatment with bevacizumab. Figure 1 shows a sample patient at baseline and on treatment with bevacizumab. The decrease in T1 enhancement and FLAIR-HI can be readily appreciated in this patient following initiation of treatment. Areas of RD are more conspicuous on RSI-CMs relative to ADC both at baseline and following treatment, whereas ADC signal intensity following treatment (ie, when not surrounded by FLAIR-HI) appears similar to that in NAWM. Furthermore, the large region of decreased signal intensity on ADC following treatment appears to mirror the decreased signal intensity on the FLAIR image (Fig 1J, -K) , whereas RSI-CM intensity changes do not appear similar to decreases in FLAIR hyperintensity (Fig 1K, -L) . Figure 2 shows the normalized values (ie, z scores) for RSICMs and ADC in regions of RD and FLAIR-HI before and on treatment with bevacizumab averaged across patients. The repeated measures ANOVA for RD revealed a main effect of method [F (1,11) ϭ 18.97, P Ͻ .01], indicating that RD intensity values were higher on RSI-CMs relative to ADC both before and on treatment. In fact, mean RSI-CM intensity values were approximately 8 times greater than those in NAWM before and on treatment, whereas mean ADC values were only 0.47 and 1.2 times greater than NAWM at baseline and on treatment, respectively. The repeated measures ANOVA within the region of FLAIR-HI revealed a main effect of method, indicating that FLAIR-HI values were higher on ADC relative to RSI-CMs [F (1,11) ϭ 88.8, P Ͻ .001]. However, this was qualified by a method by treatment interaction [F (1,11) ϭ 61.1, P Ͻ .001], which revealed that decreases in FLAIR-HI that occurred on treatment with bevaci-zumab had a greater effect on ADC than on RSI-CM intensity values. As shown in Fig 3, the change in ADC following initiation of bevacizumab was highly correlated with the change in FLAIR-HI (r ϭ 0.66, P Ͻ .05). In addition, the relative sensitivity to the change in FLAIR-HI versus RD on treatment was 23.5 times greater for ADC than for RSI-CMs.
DISCUSSION
Here we demonstrate that RSI, a novel diffusion imaging method, both improves conspicuity within regions of RD relative to ADC and is less influenced by bevacizumab-induced decreases in FLAIR-HI. As shown previously, this effect is because RSI is more sensitive to RD, whereas ADC is more sensitive to hindered diffusion, as seen in areas of FLAIR-HI. In fact, our results suggest that the relative sensitivity of ADC to changes in FLAIR-HI is Ͼ20 times greater than that derived from RSI-CMs. Thus, RSI-CMs not only facilitate visualization of areas of true RD associated with tumor cellularity (Fig 1) , but they should also provide a more robust biomarker of cellularity relative to ADC in the context of treatment-related decreases in FLAIR-HI.
The utility of ADC for detecting high-grade glioma on the basis of increased RD has been demonstrated in both humans and in animal models. 9, 11 However, concomitant edema and tumor-related necrosis increase ADC values, thereby directly opposing the reduction in ADC associated with tumor. As a result, it can be difficult to discriminate tumor, edema, and NAWM from one another on ADC maps because ADC values in tumor may approximate those of NAWM. [21] [22] [23] Indeed, mouse models and clinical studies of patients with high-grade glioma have demonstrated that ADC is an unreliable , and the region of RD on RSI-CMs (red). Although there is a decrease in contrast enhancement and surrounding FLAIR-HI after the initiation of bevacizumab, the region of RD increases and becomes more confluent; this change suggests worsening residual/recurrent tumor. Moreover, this increase in the region of RD is much more conspicuous on RSI-CMs compared with the ADC. The bottom row depicts these changes on "change maps" (change in T1 postcontrast-precontrast) (I), change in FLAIR (J), change in ADC (K), and change in the RSI-CMs (L), with red-yellow indicating an increase in signal intensity and blue-cyan indicating a decrease in signal intensity. Note that on the ADC change map (K), the area of increased RD is essentially masked by the decreased signal intensity within the region of surrounding FLAIR-HI.
tool for differentiating tumor and surrounding edema. 11, 12, 23, 24 Therefore, when antiangiogenic therapy is administered, subsequent reduction in edema further complicates the interpretation of ADC maps. 13, 14 Although perfusion imaging has been proposed to identify residual or recurrent tumor following antiangiogenic therapy, the results are conflicting. Whereas some studies have shown reduced perfusion following antiangiogenic therapy purportedly due to diminished formation of new blood vessels, 25, 26 other studies have shown elevated perfusion possibly due to vascular normalization. 3, 27 RSI provides a tool to specifically probe the RD compartment in the brain with minimal influence from the hindered diffusion associated with edema or from changes in vasculature attributable to antiangiogenic agents.
One of the limitations to the approach described in this article is that it requires 3D T1-weighted and FLAIR acquisitions and DWI with multiple b-values, by using a specialized pulse sequence that enables estimation and correction of spatial distortions due to B0 field variation. However, we contend that these sequences are necessary to accurately align images across sequences and with time in patients with high-grade gliomas. In this study, we took several steps to improve image registration across sequences and time in our patients. First, we used a method to correct for spatial distortions in EPI data by combining EPI scans acquired with opposite phase-encoding polarities and thus opposite spatial distortion patterns. 17 Second, we used a nonlinear registration algorithm to improve the alignment of images with time. 28, 29 These methods have been previously applied to serial MRI in large-scale clinical studies 29, 30 and have been shown to have high sensitivity compared with existing methods for measuring brain changes with time. 31 In addition, our study is limited by a small sample size, heterogeneity of our patient sample, a lack of clinical follow-up, and lack of pathologic confirmation of recurrent tumor in many of our patients. A larger sample size with tissue obtained from targeted biopsies is needed to fully understand the nature of the local RSI signal and to determine its clinical utility. In particular, RSI, like ADC, is not specific to tumor cellularity per se, despite the greater sensitivity of RSI to regions of RD. For example, recent studies have reported regions of marked persistent RD in certain patients following treatment with bevacizumab that do not appear to reflect aggressive tumor. 26, 32 Although the etiology of these strokelike lesions 26 on DWI/ADC remains uncertain, pathologic confirmation in a handful of cases has revealed atypical gelatinous necrosis. 32 RSI, like ADC, is unable to differentiate these regions of RD caused by bevacizumabinduced hypoxia and radiation necrosis from those that reflect increased cellularity due to recurrent tumor. 26 In our study, pathology reports from 5 patients after initiation of bevacizumab therapy revealed that regions of diffusion restriction detected on RSI-CMs and ADC were indeed positive for recurrent high-grade glioma (Table) . However, RD secondary to atypical necrosis that arises from bevacizumab-induced hypoxia cannot be ruled out in the remaining patients. Using other advanced imaging modalities, such as PET and perfusion imaging, may be highly beneficial in disambiguating the true nature of regions of persistent RD. Of note, multispectral imaging analysis incorporating PET and perfusion to further probe these regions of persistent RD would require highly precise image registration. In this context, using methods that correct for spatial distortions within each technique and coregistering images by using a nonlinear algorithm, as described above, become paramount. Applying such a multispectral approach to further interrogate regions of RD seen on RSI-CMs and to better ascertain the specificity of the RSI signal is currently underway in our laboratory.
CONCLUSIONS
As the clinical landscape continues to evolve for monitoring response to therapy in patients with high-grade gliomas, new imaging techniques will need to be developed that increase the sensitivity and specificity to residual/recurrent tumor versus treatment-induced changes. We introduce a new technique, RSI, that increases the sensitivity to areas of RD and is less influenced by changes in FLAIR-HI relative to standard ADC. Future research is needed by using multispectral imaging and targeted biopsies in a large cohort of patients to determine the specificity of RSI to tumor and to evaluate its overall prognostic value.
